The authors studied the physiological and behavioral responses during sexual behavior in female rats. For this purpose, electrocardiographs were recoded from conscious and unrestrained females using a radiotelemetry system. Heart rate during sexual behavior rose sharply following the introduction of a sexually active male, displayed a peak level of 425 bpm during male ejaculation, and then rapidly decreased. This pattern of heart rate in females before and after receiving ejaculation was similar to that in males before and after ejaculation. In the rate of decrease in heart rate, however, there was a significant difference between females and males. The present study is the first to show changes of heart rate during sexual behavior in female rats. Key words: female rats, heart rate, sexual behavior Activation of the hypothalamus, in particular the medial preoptic area (MPOA), and excitation of the related autonomic nerves are thought to be involved in the expression of the sexual response cycle. Blumberg et al. [2] reported that tissue temperature of the MPOA in male rats was high prior to ejaculation, and then rapidly decreased.
Activation of the hypothalamus, in particular the medial preoptic area (MPOA), and excitation of the related autonomic nerves are thought to be involved in the expression of the sexual response cycle. Blumberg et al. [2] reported that tissue temperature of the MPOA in male rats was high prior to ejaculation, and then rapidly decreased.
On the other hand, it is a well-known fact that injury to the sympathetic nervous system impairs ejaculation, thus suggesting that a strong but transient excitation of the sympathetic nervous system plays an important role in ejaculation.
To determine the relationship between copulatory behavior and heart rate regulated by the autonomic nervous system, Saito et al. [9] investigated the heart rate during copulatory behavior in the male rat. They dem- onstrated that heart rate during copulation rose sharply following the introduction of a receptive female, showed a peak of about 520 bpm during each ejaculation series, and then rapidly decreased.
In addition, we performed a detailed investigation of sexual behavior-induced changes of heart rate in female rats, and compared it with the previous result in male rats [9] . For this purpose, electrocardiographs were recoded from conscious and unrestrained females using a radiotelemetry system. Animals: Specific-pathogen -free Iar: WistarImamichi rats of both sexes were obtained from the Imamichi Institute for Animal Reproduction (Ibaraki, Japan) at 4 weeks of age. These animals were housed in suspended wire-mesh cages (width × depth × height, 310 × 440 × 230 mm) in groups of 4 rats/sex/cage, kept in an animal room with controlled temperature (24 ± 2°C) and humidity (55 ± 10%). A 14:10-h light:dark cycle, with lights on at 05:00, prevailed. Food (Oriental MF, Oriental Yeast Co., Ltd., Tokyo, Japan) and tap water were always available. All procedures were in accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of the Nippon Veterinary and Animal Science University.
Surgery: On reaching the age of 8 to 9 weeks, 6 females were subjected to surgery. A small telemetric transmitter (TA10E-F2, Data Science Co., Ltd., Minnesota, USA) measuring ECG was implanted into each animal, as described by Ishii et al. [7] . Briefly, the transmitter was implanted in the dorsal area of the neck subcutaneously under pentobarbital sodium anaesthesia (40 mg/kg, i.p.) and the paired wire electrodes were placed under the skin of the thorax (chest bipolar ECG lead). Animals were used 4-7 days after surgery. AM signals transmitted from the telemetric transmitter were amplified as analogue ECG waveforms by a receiver and then analyzed by an ECG processor (Softron, Tokyo, Japan). The heart rate of rats was measured every minute by the data editing function of the ECG processor.
Sexual behavior: Sexual behavior-induced changes in heart rates were measured for one hour starting at 19:00 h under a red light. One sexually receptive female rat implanted with a transmitter, whose vaginal smears had proestrous features after consecutive repetitions of 2 cycles of the 4-day estrous cycle, was placed in an observation cage (310 × 410 × 270 mm) and a sexually active male aged approximately 10 weeks was placed in the same cage five minutes later. To identify male ejaculation, the male's 22 kHz vocalization was monitored, using two Mini Bat-Detectors (QMC, Ltd., London, England) tuned to a range of 20-30 kHz [3, 4] .
Statistical analysis:
All values are expressed as mean ± s.e.m. for each category. Statistical significance was examined by analysis of variance (ANOVA). Comparisons between groups were made by Student's t-test and p<0.05 was taken as a significant difference.
Female heart rate during sexual behavior: Figure 1 is the record of heart rate changes of a single female both prior to and following four ejaculations. It is evident that the heart rate began to increase with one minute after the active male was introduced. This increase continued until the first ejaculation, whereupon there was a rapid fall in heart rate. After the decrease of heart rate stopped, the first mount or intromission of the next series occurred. This pattern of heart rate increasing to the minute of ejaculation and heart rate decreasing following ejaculation was evident throughout the copulatory series. Figure 2 shows mean values in heart rate before and after each ejaculatory series; all females received at least four ejaculations. The mean heart rate of female rats at rest (five minutes before the introduction of a male) was 316 ± 9.7 bpm, but it rapidly increased to 403 ± 16.7 bpm after introduction of a male to the cage. Heart rate remained at this level until receiving ejaculation. Heart rate subsequently reached to a peak level of 425 ± 10.4 bpm during receiving ejaculation. Following ejaculation, heart rate rapidly decreased and within a couple of minutes had returned to around 360 bpm. Changes in heart rate following the 1st ejaculation were replicated in the 2nd, 3rd and 4th ejaculatory series. On the other hand, in a non-receptive female implanted with a transmitter, heart rate increased transiently after the introduction of a male, but remained at the pre-introduction level for the rest of the observation (data not shown).
The results of the present study clarify that the heart rate of female rats begins to increase before receiving ejaculation from a vigorous male rat and that heart rate peaks during receiving ejaculation. This pattern of heart rate in females before and after receiving ejaculation was similar to males before and after ejaculation, as described by Saito et al. [9] . Why does the heart rate in females peak on receiving ejaculation? It seems to be related to the pattern of sexual behavior. It is well known that the rats of both sexes used in this study display typical sexual behavior patterns, compared with those of other laboratory animals [6] . Mature male rats manifest behavior, such as smelling the perineal region of sexually excited females (genital sniffing). In response, the females manifest soliciting behavior, such as ear wiggling, hopping, and darting (rushing to males and suddenly changing direction and running away from males). The male then chases the female. When the female stops, the male mounts on the back of the female. At that time, the female lifts her head and hips (lordosis). After a series of mounts and intromissions, the male ejaculates. Following the ejaculation, there is a period of several minutes, or so called "postejaculatory interval (PEI)" before the male again attempts copulation with the female [5, 6, 8] . The male rat regularly emits the 22 kHz vocalization during the PEI [1] . These findings suggest that an increase in heart rate until receiving ejaculation is caused by the act of male copulation and by the hyperfunction of the sympathetic nervous system. Following ejaculation, a decrease in heart rate is caused by absence of male copulation and by the hyperfunction of the parasympathetic nervous system. Figure 3 shows mean changes in heart rate relative to heart rate at the end of receiving ejaculation, compared with previous data for male rats [9] . The rate of decrease of heart rate in females following receiving ejaculation is 12.9 ± 0.12% one minute later. There was a significant difference (p<0.001) in the rate of decrease in heart rate between females and males (21.2 ± 0.05%). Two and three minutes later the value in both sexes was constant. It is interesting to consider the cause of the difference in the rate of decrease in heart rate in females and males. Unfortunately, the authors currently can offer no suggestions. Further studies are necessary to clarify these points.
In conclusion, the results of the present experiments are the first to show changes of heart rate during sexual behavior in female rats.
